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ABSTRACT

THE SYNTHESIS, STRUCTURE, AND TRIBOLOGICAL PROPERTIES
OF NIOBIUM NITRIDE FILMS of VARYING
CRYSTAL STRUCTURE
Name: Havey, Kathleen Scott
University of Dayton, 1996
Advisor: Dr. Jeffrey S. Zabinski
NbN films have been investigated to determine the effects of
microstructure and chemistry on wear and friction coefficients in dry and humid
environments. Using magnetron sputtering, NbN films of different
stoichiometries and crystal structures have been deposited on 440C substrates
by varying the partial pressure of nitrogen (Pn2) and substrate bias potential. In
this study, cubic, mixed cubic/hexagonal, and hexagonal films were
investigated. The chemistry and structure of the NbN films were evaluated with
X-ray Photoelectron Spectroscopy (XPS) and X-ray Diffraction (XRD). All of the
films were then studied to determine their relative tribological properties in dry
(2-5% RH) and humid (80-85% RH) environments using a ball-on-flat tribometer
enclosed in an environmental
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chamber. Silicon nitride balls (1/4” in diameter) are used as the counterface
material.
The crystal structure and chemistry of the films have only a minor effect
on the friction coefficiant and wear rate. Moisture content in the test
environment, however, has a significant effect on tribological properties. For
example, with cubic samples, ball wear increases from 0.3x10‘3 mm3 to 2.0x1 O'3
mm3 upon increasing the humidity from 2% to 80%. The friction coefficient (|i) of
cubic films tested in the humid condition is lower (p. =0.5) relative to those tested
in dry conditions (p =0.8). This phenomena is marked by a change in wear
mechanism as is evidenced by dissimilar wear debris for each of the
environments. Powdery debris is formed in the humid environment and rolled
particles are formed in dry environments. The effect of debris on friction and
wear is discussed.
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CHAPTER I
INTRODUCTION

With the exception of the noble metals, most metals can form binary
nitrides. These compounds generally possess similar characteristics in that
they are thermally and mechanically superior to their precursor metals. Such
characteristics make nitrides excellent candidates as protective coatings in
harsh environments such as those in which turbine engines and spacecraft
operate. Components in these vehicles, bearings for example, operate within
broad temperature ranges and can experience high wear and corrosion.
Niobium nitride is one candidate coating to reduce friction, wear, and corrosion.
It has a high melting temperature of 2030°C and a reported microhardness of 14
GPa. It is also stable in reactive gases such as H2, CO, CO2, O2, and air, which
indicates a degree of corrosion resistance [1]. These properties would be
beneficial for utilization in extreme environments.
NbN exists in a number of different crystallographic phases. Table I lists
the most reproducible forms of NbN, their symbols, and their stoichiometries,
according to the JCPDS index. Phase diagrams of the Nb-N system have been
proposed, but are difficult to confirm experimentally; and, all show
discrepancies with one another [2, 3]. From Table I, it is easy to see that the

fable I: Relevant NbN Phases
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phases of Nb-N change with stoichiometry. The different crystallographic
phases of Nb-N have been associated with different material properties. For
example, cubic d-NbN has been shown to have good superconducting
properties and b-Nb2N has better abrasion resistance [4].
It has been the superconducting properties of niobium nitride, rather than
its mechanical properties which first peaked interest in investigations. It has
been reported that cubic d-NbN has a theoretical critical temperature (Tc)
ranging from 16-18K, notably higher than most binary nitrides [5-7]. For this
reason alone, NbN films did, at one time, hold promise in fusion magnets,
Josephson Junctions, and microwave devices. Early research was directed
toward synthesizing NbN films with increased superconducting transition
temperature (Tc) [6,8,9]. Wolf et al. were the first to improve superconducting
NbN films by adjusting their microstructure through varying RF sputter
deposition parameters [10].
Singer et al. investigated the abrasion resistance and microhardness of
RF sputtered niobium nitride films as they related to microstructure, with the
ultimate goal of improving the mechanical durability of superconducting films
[4]. Wong et al. later studied the effects of nitrogen partial pressure, target
power, and substrate bias on niobium nitride coating properties (hardness and
adhesion) in order to understand the role of niobium nitride in TiN/NbN
superlattice coatings with reported hardnesses of 5200 kgf/mm2 [11]. This study
defined the deposition conditions necessary to grow, cubic, hexagonal, and
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mixed cubic/hexagonal films. Later, these conditions were used to further refine
TiN/NbN superlattice coatings [12]. Niobium nitride microhardness and
abrasion were studied in order to understand their effects on the superlattice
coatings.
With the exception of the relative abrasion resistance of NbN films [4], no
studies have been conducted on the tribological properties of NbN. The
abrasion resistance of the films and the hardness of NbN both suggest that the
films might be useful in environments in which wear is a problem. Therefore,
this study focuses not only on the deposition conditions used to grow certain
crystal structures of NbN, but also their relative tribological properties. The
effect of the environment on wear mechanisms has also been studied.

Project Objective
The research presented in this paper focuses on how film synthesis and
resulting structure relate to tribological properties. The research effort has been
divided into two primary investigations. In Investigation I, niobium nitride films of
varying crystal structure were grown using magnetron sputter deposition. The
most favorable nitrogen partial pressures (PN2) were used to produce films of
cubic and two mixed cubic/hexagonal phases [11]. These films have been
designated as cubic/hexagonal 1, and cubic/hexagonal 2, where the fraction of
the hexagonal phase is greater in the latter film. A range of bias voltages was
chosen to optimize the hardness and adhesion of the different crystal structures.

5

After deposition, the films of Investigation I were thoroughly
characterized. The films’ chemistry and microstructure were determined by Xray Photoelectron Spectroscopy (XPS) and X-ray Diffraction (XRD). Tribological
studies of the films revealed similar wear behaviors in ambient conditions.
Because hexagonal niobium nitride films showed higher relative
abrasion resistance in earlier studies [4], Investigation II was focused on the
deposition of hexagonal films for comparison with the cubic and mixed
cubic/hexagonal films. While the cubic and mixed cubic/hexagonal films all
exhibited similar behavior in ambient conditions, there were significant
differences in dry and humid conditions. Therefore, experiments to study the
effects of environment on film wear behavior were conducted. A Scanning
Electron Microscope (SEM) with EDAX was used to investigate the resulting
wear debris. A brief review of film growth, sputter deposition, and tribology as
they relate to this study is provided as part of the introduction.

CHAPTER II
BACKGROUND

Thin Films: Growth and Structure
The final structure and properties of films are highly dependent on the
deposition technique and deposition parameters used to grow them. Because
an understanding of film nucleation and growth is necessary to understand how
films are affected by deposition parameters, a summary of nucleation,
condensation, and film growth is presented. A discussion of film structure and
modification techniques follows.

Condensation and Nucleation
As vapor phase atoms impinge on the substrate, they may physically
adsorb on the surface; they may bounce off of the surface; they can become
implanted in the surface; or, they can sputter the surface. At this point the atoms
are not necessarily in an equilibrium state. They may desorb or diffuse across
the surface until they encounter a potential site which will lower their free
energy. The sticking coefficient, txT, is an expression of the probability that an
atom will adsorb. This process is called condensation. If an atom does not
adsorb with other atoms, it is re-evaporated from the surface [13]. Planes, faces,
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scratches, dislocation edges, etc. all serve as potential sites for adsorption
because they lower the atom’s free energy. Eventually the adatoms begin to
coalesce and finally nucleate. Several factors play into the nucleation of film
species on the substrate: atom mobility, substrate temperature, and incident
atom energy are some examples. The atom mobility and incident energy can
be adjusted during film growth. This will be discussed later.
Basically, there are three modes of film growth: island, layer, and
Stranski-Krastinov, as shown in Figure 1 [14]. Island growth is a result of either
low atom mobility or high adatom-adatom affinity. Films deposited in this mode
grow upward in a columnar structure. In the layer mode, adatom-substrate
affinity causes the atoms to grow in a layer across the substrate surface. The
Stranski-Krastinov mode, is a mixture of island and layer growth. The final film
structure, and subsequent properties, are highly dependent on the method of
film growth.

Film Structure
The vapor phase condenses on the substrate by attachment of incident
atoms which diffuse across the surface and coalesce. The growth of these
coalesced species eventually creates the film, and is affected by four factors:
shadowing, surface diffusion, bulk diffusion, and desorption [14]. Shadowing is
a geometric effect brought about by substrate roughness and/or island and
Stranski-Krastinov growth modes, and has a profound effect on final film

Island

Layer

Stranski-Krastanov

Figure 1. Modes of film growth[14]
00
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structure. Impinging species collect on the tips of "peaks" in the surface .
These peaks will grow higher and higher at the expense of the "valleys." This is
due to the effective "shadow" the peaks cast over the valleys in the surface. The
peaks will grow toward the deposition source. Therefore, the incident angle of
the impinging species plays a role in determining film microstructure. If the lineof-sight of the source is at an angle to the surface normal of the substrate, the
peaks will grow at an angle thus casting an effective shadow to one side of the
peak. This increases the shadowing effect and eventually deepens the
"valleys" on that side [15]. Figure 2 shows Transmission Electron Micrographs
(TEM) of the varying columnar structures of different materials. Surface
diffusion, bulk diffusion, and desorption can also have a significant influence on
the grain structure. These factors are dependent on atom mobility and atom
energy and can be correlated with the melting temperature, TMof the film.
The grain structure as well as internal defects and voids can affect the
final properties of the film. As previously mentioned, atom energy can have a
significant effect on film properties and is easily controlled through selection of
deposition parameters. Studies have been conducted to modify the grain
structure to improve film properties by utilizing atom energy. Thornton, for
example, has developed a model that schematically represents the effect of
deposition parameters on film structure. Shown in Figure 3, Thornton’s Diagram
shows the effects of the substrate temperature (normalized with the film’s
melting temperature, TM) versus gas pressure [14]. High temperature and low
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cu

Figure 2. Columnar structure of various
sputtered materials (a) Cu (b) Cu-Cr
(c) Co-Cr-Tn (d) Si (e) W [14]
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gas pressure correspond to high atom energy. The figure is divided into four
“Zones”: 1, T, 2, and 3. In Zone 1 (low temperature), the film has a distinct
columnar morphology. Because there is low atom mobility, the shadowing
effect is strong. The thermalization of the plasma due to collisions causes lower
atom energy at higher pressures, thus increasing void space in the film. The
resulting morphology consists of thin columns surrounded by boundaries of
void space. In Zone T, the columns remain, but there is less void space. It has
been theorized that this region is a transition structure, similar to Zone 1, and
results from increased atom energy [17]. Smooth substrates can move the
transition zone to lower atom energies (i.e. lower temperatures and higher
pressures). It has also been suggested that energetic species bombard the film
thus knocking down the peaks and filling in the valleys [15]. Increased
temperature causes a similar effect by causing increased atom mobility. The
Zone 2 region is characterized by larger columnar grains with dense
boundaries. This structure is attributed to greater surface diffusion. Zone 3 is
marked by bulk diffusion which leads to recrystallization, grain growth, and
densification. While the column structures are still present, they are single
crystals [15]. It is important to note that Zones 2 and 3 take place at higher
substrate temperatures, close to TM. As the substrate temperature is increased,
the adatoms have more mobility. This directly results in coarser grains and
denser films. It has been shown NbN films become closer to "bulk like" epitaxial
films when grown at 400-600°C and 0.02-0.1 Pa N2 [10]- A higher Tc is achieved
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under these conditions, indicating a denser film.
Films which have a more densified structure are likely to be more
chemically stable and mechanically tough. Friction and wear, hardness, optical
properties, and chemical resistance are all affected by the final film structure.
For example, film hardness can be lowered due to high void content. Also,
because of capillary action, water and other potentially corrosive materials may
seep down between the columns and corrode the film as well as the substrate
surface [14]. Due to the voids and porosity of the sputter deposited thin films,
modification techniques are being investigated.
Such investigations include ways of increasing adatom mobility. If the
mobility of the adatoms on the substrate surface is increased, the probability of
the films growing into a more dense structure increases. In sputtering, ion
bombardment and deposition rate can affect adatom mobility, reducing the
need to increase the substrate temperature. Low deposition temperatures are
desirable because high temperature can destroy substrate microstructure
achieved by tempering, and can cause loss of dimensional tolerance. This is
unacceptable for precision components. The technique of sputter deposition
and the effects of deposition parameters such as reactive gas pressure, target
power, and substrate bias will be discussed in more detail below.
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Sputter Deposition
A variety of methods have been employed in the fabrication of thin NbN
films. Until a decade ago, chemical vapor deposition (CVD) techniques
prevailed in the coatings industry. However, while CVD is a comprehensive and
inexpensive technique, it can limit the types of substrates that can be coated
due to the high temperatures associated with CVD processing. CVD also
promotes residual tensile stresses in the films, leading to film failure [16]. The
emergence of physical vapor deposition (PVD) coating techniques helped to
solve the problems of high substrate temperature and coating residual tensile
stresses. In particular, sputter deposition is a flexible deposition method that
can produce nearly-stoichiometric, high-purity films, with compressive residual
stresses [16]. While DC sputter deposition is used to deposit conductive
coatings, RF sputtering is used to deposit insulating materials, which suffer from
charge build-up when DC is used.
Both DC and RF sputtering have been used to fabricate NbN thin films in
past studies [1,6,7,9,10,18-22]. Researchers have been actively studying
deposition parameters in an effort to control the ultimate properties of NbN thin
films. Up to this point, most interest has focused on how to control parameters
such as applied bias, reactive gas partial pressure, and target power to achieve
optimum superconducting properties.

15

DC and RF Sputter Deposition Configurations
Figure 4 is a schematic of typical DC and RF sputter deposition
configurations [14]. DC sputter deposition is generally employed in the
fabrication of conductive materials. In this method, the target (cathode) and
substrate (anode) face each other in the vacuum chamber. An inert sputtering
gas, such as Argon, is introduced into the deposition chamber. A direct current
is supplied to the target and a glow discharge is initiated (Figure 4), just off the
target surface. Ions from this plasma impact the target surface and eject target
species such as atoms, clusters, ions, and secondary electrons. The energy
imparted to these species provides enough momentum to propel them through
the plasma to the substrate surface. The target species can combine with
reactive gases which have been introduced into the chamber. Using this
reactive deposition technique, an Nb target and N2 reactive gas can be used to
grow NbN thin films. While conductive materials such as Nb metal are grown
with DC sputter deposition, RF sputter deposition must be used to deposit
insulating materials.
The primary problem with insulating materials is their inability to conduct
current. Because of this, a positive charge due to impinging ions can build up
on the substrate surface, eventually impeding deposition. Also, for materials
with high resistivities, such as quartz, the cathode would require voltages as
much as 1012 V in order to sustain an adequate current density. In RF
sputtering, a radio frequency (alternating power supply), rather than a DC

V (DC or AC)

Figure 4. Schematic for DC and RF Sputtering Systems
cr>
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current is supplied to the target. Ions are attracted to the target during the first
half of the cycle, and eventually, they charge the surface. In the second
(positive) half of the cycle, electrons are attracted to the surface, effectively
neutralizing it so that ion bombardment may start again. Because the anode
and cathode need not be conductors, RF sputtering may be used for any type of
materials system.
It has been shown that, in both DC and RF sputtering, secondary
electrons and ions are also accelerated toward the substrate, along with the
atomic species leaving the target. The electrons serve to further ionize the
plasma in the chamber, thus promoting sputtering of the target as well as
deposition of the film. The role of these secondary electrons will be discussed
further in a later section. Both ions and electrons bombard the substrate surface
and serve to density the film as it grows. They also impart energy, and
consequently mobility, to the atoms on the substrate surface, promoting uniform
film growth. Magnetron sputtering systems optimize the sputtering plasma by
employing magnetic fields. These fields serve to confine the secondary ions
ejected from the target so that they are not lost to the chamber walls.

Sputter Deposition Parameters
Sputter deposition can be enhanced by a number of variable parameters
such as bias, target power, reactive gas partial pressure, and deposition rate.
These can be changed in order to engineer films with certain desired
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properties. In this study, applied bias voltage, reactive gas partial pressure
(Pn2), and applied target power were used to control film properties. These
parameters and their effects will be discussed below.

Applied bias voltage. When the substrate is negatively biased, plasma ions
such as Nb+ and Ar*, are attracted to the negative potential of the substrate. As
these ions bombard the film, they not only grow film, but they density it by
smoothing features that form on the surface or by imparting enough energy to
promote surface atom mobility, thus reducing voids [14]. The reduction in voids
leads to denser films with higher hardness. It has been reported that biases up
to -140 V modified and reduced the columnar growth of sputtered NbN films [1].
The momentum of bombarding ions depends on the magnitude of the bias
voltage applied to the substrate. The higher the magnitude of the bias, the more
energy the ions have when they impact the surface. It has been shown,
however, that too high a bias will cause re-sputtering of the film atoms from the
substrate, increased defect densities, and increased film stress; therefore, lower
film growth rates and de-adhesion can result [18, 23, 24].
While sputter deposition is considered to be a low temperature
technique, it should be mentioned that factors such as applied bias voltage and
even deposition itself can lead to substrate heating. Particle impingement is the
primary cause of substrate heating. Therefore, as the impinging particles gain
more energy through increased bias, they will impart energy to the substrate
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not only in the form of atom mobility/energy as mentioned, but also as heat. For
this reason, depositing thicker films, which may require longer deposition times,
can also cause the substrate to heat

Reactive Gas Partial Pressure and Deposition Rate. In varying the partial
pressure of reactive gas in the plasma, the film stoichiometry can be affected.
Atoms that have been sputtered from the target have the potential to combine
with the reactive gas, inside the plasma, or at the substrate surface. ( A reaction
between the target and the reactive gas can also occur. This will be discussed
in greater detail below.) The more reactive gas introduced to the system, the
more potential it has to combine with the target and/or target species.
Therefore, the percent reactive gas in the film itself can change, altering film
chemistry, and possibly crystal structure. Tantalum nitride films, for example, will
form Ta2N or TaN as the partial pressure of nitrogen (Pn2) in the deposition
chamber increases [14]. Previous studies used this concept to grow NbN films
with varying crystal structures to improve their superconducting transition
temperature, Tc [25]. Others evaluated the use of reactive gas pressure to tailor
film crystal structure. In this study, Pn2limits of 4x1 O'4, 6x1 O'4, and 8x1 O'4, and
12x1 O'4 Torr were established to grow cubic, mixed cubic/hexagonal, and
hexagonal films [11].
The Pn2 has also been shown to directly affect the rate of deposition. As
previously mentioned, when the Pn2 in the chamber is increased, it can react
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with the target to form a stoichiometric compound, M-X. This compound coats
the surface and significantly lowers the deposition rate because M-X sputters
more slowly than M+. The target is said to be “poisoned.” This behavior is
typically summarized in a hysteresis curve such as those shown in Figures 5ab. These curves depict typical hysteresis behaviors for TiN and NbN coating
depositions. The hysteresis curve is slightly different for each materials system.
Point “B” on the TiN curve (Figure 5a) signifies the optimum gas partial pressure
for the system. Investigations have been conducted to determine the effects of
deposition rate on NbN compounds. It has been shown that the overall
deposition rate of the NbN system slows with increasing Pn2. In fact, it was
noted that the deposition rate was maximized as Pn2 approached 0 [26]. A
typical hysteresis curve for the NbN system is shown in Figure 5b.

Target Power. The power supplied to the target can affect film stoichiometry,
deposition rates, and film microstructure. As the target power increases, the
number of atoms and ions being sputtered from the target increases.
Meanwhile, the gas species in front of the target decrease relative to the rest of
the chamber due to heating and gas rarefaction [27], In order to maintain the
relative concentrations of the reactive species (and the final film stoichiometry),
the partial pressure of the reactive gas in the chamber must be increased. The
increased total pressure also raises the overall substrate current density, and,
thus the deposition rate. The effects of target power have been reported
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regarding film chemistry and microstructure.
For example, the effects of target power on the superconducting
properties of NbN thin films have been investigated [8]. It was determined that
the films produced at higher power had an increased Tcdue to smoother
surfaces and fewer contaminant inclusions, such as O. However, the amount of
C in the film increased slightly. Film microstructural changes resulting from
target power have also been reported [28]. TiN films were found to have a more
randomized texture as power was increased to the target. This phenomena
was associated with higher atom mobility/energy at the substrate surface. The
hardness of the TiN films was also found to increase with higher target powers.

UnBalanced Magnetron Sputtering
Although magnetron sputtering is a very flexible and powerful technique,
it has been limited by an inefficient plasma distribution. The magnetic field at
the target tends to confine most of the plasma in the target area. Unfortunately,
while the this leads to increased target sputtering, ions remain near the target
rather than bombarding the substrate. This is usually remedied by decreasing
the target-substrate distance. A modification of the magnetron system,
unbalanced magnetron sputtering (UBM), redistributes the plasma, allowing it to
form in the substrate region. This enhances ion bombardment at the substrate
surface, improving film density [27]. In the unbalanced magnetron system, the
strengths of the magnets around the chamber are raised and/or lowered to
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cause the magnetic field lines to loop around the chamber rather than remain
confined to the target area [11,29]. The secondary electrons will follow these
field lines through the plasma, thus enhancing ionization as well as promoting a
plasma further from the target (i.e. closer to the substrate). The method is also
considerably faster than conventional magnetron sputtering.

Wear and Tribological Systems
Wear is a common process that happens all around us. Machinery and
components such as bearings, gears, and brakes wear from day to day use.
However, no matter how common, the constant wear of these types of items can
be very costly. The science of tribology focuses on studying the friction and
wear generated by contacting bodies in relative motion.
When one typically thinks of friction and wear, one envisions two bodies
sliding against other. This is a very simplistic view. It does not take into
consideration other factors, such as environment and wear debris, which can
play a very important role in the wear of a material. Therefore, it is necessary to
look at the wear of materials using a “systems approach” [30-31]. Figure 6
depicts a model tribological system (tribosystem). The tribosystem consists of
the environment, a first body, a second body, and a third body element [31]. All
of these interact to cause friction and wear in the system. The first body and the
second body are generally the materials that are rubbing together. The third
body can be wear debris, transfer layers, tribochemical layers, lubricants,

Figure 6. Schematic Tribosystem.
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dust etc. between the rubbing bodies. The nature of this interface can be very
important in the wear of a material. For example, if a lubricant was added to the
interface, it could reduce friction and wear of the system. Lubricants not only
separate the two rubbing bodies, but they shear easily, reducing friction.
However, dust and particles in the interface between the first and second
bodies could possibly abrade them or increase friction. This behavior would
depend on the characteristics of the particles, and will be discussed later. The
environment can react with either the first body, the second body, or the third
body to prevent or enable wear through chemical interactions. For example, a
highly oxidative atmosphere can cause oxidation products on the first body
and/or second body and thus generate harder oxides (third bodies) at the
interface which can cause more wear in the system. The chemical and physical
interactions that cause wear debris in the tribosystem are termed wear
mechanisms. These mechanisms are outlined below.

Wear Mechanisms
Wear is generally thought of as material loss and/or surface damage [31].
This seems rather simple. However, it has become clear that the description of
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how surfaces wear is all but simple. A number of terms have been reported for
the mechanisms of wear [17,32,33]:
1.
2.
3.
4.
5.

Adhesive
Abrasive
Corrosive
Fretting
Erosive

While each of these classifications indeed describes a mechanism for wear, no
mechanism acts alone in a tribosystem [30]. Because a tribosystem is
constantly changing as the surfaces wear, there are opportunities for more than
a single wear mechanism to operate. Therefore, certain classifications are
actually a combination of basic mechanisms. The four basic wear mechanisms
are listed here [31]. Wear is a result of any of these mechanisms either acting
alone or in combination:
1.
2.
3.
4.

Abrasion
Adhesion
Tribochemical Reactions
Surface Fatigue

Abrasion. When material is removed from a surface by a harder material, it is
said to be abraded. Terms such as scratching or gouging may be used to
describe this wear mechanism. The hard material may be the first body,
second body, or a third body (particulate matter) in the interface. Figure 7
shows the basic mechanism of abrasive wear. When normal and/or tangential
forces are applied to the system, the hard material shears off the asperities in

Three Body Abrasion

Two Body Abrasion

Figure 7. Abrasive wear mechanism
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the softer material. The use of sandpaper to finish surfaces is one example of
this process.

Adhesion. When two surfaces are put together, they have some interaction on a
molecular level. This attraction is the basis for adhesion. For example, like
surface materials are usually attracted to one another. When materials are
attracted to one another, they form junctions at contacting asperities. These
junctions carry the applied load. As tangential forces are applied to the system,
the junctions are plastically deformed and torn apart. They are constantly
sheared and formed until the asperities are worn down, effectively increasing
the area of the system that carries the load. Debris can be created as a result of
material being pulled from one body to the other. This is schematically shown in
Figure 8. It is well known that like materials do not perform well in wear
environments because of adhesive wear.

Tribochemical Wear. When two rubbing surfaces react with their environment,
they are said to wear tribochemically, as shown in Figure 9. This wear
mechanism is marked by the formation of third body surface layers and wear
debris, as a result of chemical reactions, which change the properties of the
surfaces in contact.

Figure 8. Adhesive wear mechanism
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Reactive Environment

Wear Debris

Protective
Surface Layer

Figure 9. Tribochemical wear mechanisms
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A number of mechanisms have been proposed [ 31]:
1. Oxidized metallic wear debris, resulting from asperity deformation and
shear.
2. Protective surface layers
3. Wear debris, resulting from surface layers which crack and break off.
4. Generation of smooth surfaces through abrasive wear and reaction
with the environment. For example, oxides can lower friction because
they shear-off easily.
It is important to note that these chemical reactions may progress at lower
temperatures because of rubbing which causes bond breakage and defects at
the atomic level. Rubbing also strips protective and oxidative layers off of the
surfaces, allowing fresh material to chemically react. It can elevate the
temperature on a micro-level, such as at contacting asperities, thermally
activating reactions which would not normally take place.

Surface Fatigue.

In surface fatigue, periodic stresses in the system can

generate cracks. As Figure 10 shows, the cracks can initiate at the surface or
internally due to differences in stress concentration. Nucleation of these crack
can cause material to spall off of the rubbing bodies, possibly creating debris.
Rolling contact fatigue of ball bearings and races, due to periodic stress, is one
example of this type of wear.

Surface Crack Intiation

Internal Crack Initiation

Figure 10. Surface fatigue wear mechanism
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Tribology of Ceramics
Ceramics have been defined as inorganic, nonmetallic materials [34].
They have become an important element in tribosystems because of such
properties as: high hardness, and good wear resistance, corrosion resistance,
fatigue resistance, and structural/load-bearing capabilities. The wear
mechanisms of ceramics are unique, however, because of their brittleness and
chemical properties. Tribochemical wear mechanisms can become especially
important when considering the reaction of the ceramic material with the other
elements in a tribosystem such as a turbine engine, where high temperatures,
oxygen, and reactive lubricants are present. Tribochemical mechanisms which
generate protective layers through chemical interaction, can also be the
producers of wear debris. The number, size, shape, and orientation of the
debris particles will determine whether of not the system wears heavily. For
example, large wear debris has been known to increase the wear rate of a
system, due to increased abrasion. It has been shown that the volume wear of
materials increases with particle grit size up to a critical diameter, and then
levels off to a slower rate [35]. Theoretically, smaller wear particles (e.g. >1gm)
do not achieve the same depth of penetration as larger particles (e.g. <25 pirn)
[35]. Conversely, the shape and orientation of some wear debris have
reportedly aided in reducing friction and wear in certain systems [36]. This
issue will be discussed in a later section. The tribochemical basis for these
particles will be discussed below.
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Tribochemical Effects. Depending on their reactivity, ceramic materials in
tribosystems can exhibit a number of tribochemical wear mechanisms which
can aid in or inhibit wear resistance. Mechanisms such as wear reducing,
tribochemical oxidation; dissolution wear; gel-like, lubricious oxide layers;
chemically induced fracture; and boundary lubrication have been reported [37].
A material which exhibits wear reducing oxidation is Si3N4. This material
is strongly affected by humidity. In the presence of a humid environment, an
oxide layer forms on Si3N4 surfaces. Rubbing accelerates this oxidation
process. Friction, due to rubbing, not only generates high local temperatures,
allowing reactions to occur, but the mechanical shearing action breaks bonds
and activates surface sites for oxidation. The resulting oxide covers the
asperities in the Si3N4, creating a smoother surface and effectively redistributing
the load. Thus, friction and wear is reduced [37]. Although a humid environment
causes oxidation of Si3N4, when sliding in water, it exhibits signs of dissolution
wear. Again, while higher temperatures would normally be required to dissolve
Si3N4 in water, friction in the tribosystem aids in the dissolution because SiO2 is
water soluble.
Gates et al. determined that, as a result of tribochemical mechanisms,
AI2O3 develops a lubricious hydroxide layer when exposed to humidity [38]. The
shear stresses generated during rubbing as well as local high temperatures
resulting from friction enable a phase transformation which produces a lattice
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hydroxide on the AI2O3 surface. Water is actually incorporated into the
hydroxide lattice, causing it to have gel-like lubricious properties.
While some ceramics, like AI2O3, produce protective oxide layers in harsh
environments, materials such as zirconia experience chemical attack. In this
mechanism, the chemical attacks metal-oxide bonds in the ceramic. Water, for
example, is the culprit in the chemisorption embrittlement of zirconia. The water
molecules react with metal-oxygen bonds at crack tips, inducing intergranular
fracture. This causes further cracking and finally induces failure [37].
Hydrocarbons, such as paraffin, can also cause intergranular fracture in
zirconia materials, increasing their wear rate. It has been shown, however, that
some other ceramics are able to chemically react with paraffins to create
boundary lubricants which protect them from wear.

Environment and Particle Generation, Chemically induced surface layers can
be removed during mechanical wear which generates wear debris. For
example, the Si3N4 system, when exposed to humidity and high temperatures,
has shown uniquely-shaped, cylindrical, rolled silica (SiO2) particles (Figure
11). These particles are the result of the second body material rupturing the
thick oxide layer which has formed on the Si3N4 surface. As the oxide is
delaminated by the second body, it is rolled into a cylindrical shape. Because
the resulting rolled particles are oriented perpendicular to the wear track, they
reportedly act as roller bearings, effectively reducing the wear of the system

>■J*
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Figure 11. Si3N4 Rolled wear debris [36]
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[36]. This phenomena has been demonstrated in other materials such as SiC
and AI2O3 and has historically been linked with humidity, indicating that the
interaction of a ceramic with its environment is also an important factor in
determining friction and wear.

CHAPTER III
EXPERIMENTAL

This research has been divided into two investigations with the primary
focus being the deposition, properties, and tribological behavior of cubic, mixed
cubic/hexagonal, and hexagonal NbN films. In the first investigation,
depositions were adjusted to grow two mixed films with progressively higher
fractions of hexagonal content: mixed cubic/hexagonal 1 (less hexagonal), and
mixed cubic/hexagonal 2 (more hexagonal). In the second investigation, pure
hexagonal films were deposited for comparison with the cubic and mixed films.
Environmental tribological tests were also conducted on all of the films to
determine their wear mechanisms. The experimental details of this research
are described below.

Deposition
In both investigations, the NbN coatings were fabricated using a
Materials Research Corporation (MRC) 902-M in-line sputtering system. An
illustration of this system is shown in Figure 12. A Niobium MRC Mu inset
sputtering target was mounted as the cathode. Argon and nitrogen were used
as the sputtering and reactive gases, respectively. Films of varying crystal
structure and microstructure were synthesized by varying the partial pressure of
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nitrogen in the chamber (Pn2) and the substrate bias voltage. The Pn2 was
controlled with a differentially pumped quadrapole mass spectrometer system
that sampled residual gas pressures in the deposition chamber and relayed the
information to the nitrogen mass flow controller which maintained the correct
Ar/N2 concentration inside the chamber [11].
Films were deposited onto 440C stainless steel coupons (60 HRC) that
were polished to about 1.0 pm. The substrates were cleaned ultrasonically in
acetone and methanol, respectively. In depositing the NbN films, the chamber
was first evacuated to a base pressure of 1x1 O'6 Torr. Substrates were then
sputter etched in Ar for 5 minutes at 8 mTorr using 1.5 kW RF power for 5 min.
Upon completion of substrate etching, the reactive gas, N2, was introduced into
the chamber. For Investigation I, cubic and mixed cubic/hexagonal films were
deposited using a target power of 5 kW. The reactive gas pressure (Pn2) was set
at 4x1 O'4 Torr, 6 x10'4 Torr, and 8 x10'4 Torr, in order to achieve the proper
crystal structures. For Investigation II, the target power was increased to 6.3 kW
and the Pn2to 12x1 O'4 Torr in order to grow hexagonal films. Three bias
voltages of -50V, -100V, and -150V were used at each Pn2setting for both
investigations. The deposition rate and deposition time for all films were
monitored and calibrated for each new set of process parameters in order to
produce films 2.5 pm thick with minimal substrate heating due to deposition
(<250°C). Table II outlines the experimental deposition parameters used to
grow the various crystal structures.

Table II: Deposition Conditions for NbN Films

Deposition

Pn2

Target Power

(x10‘4Torr)
4 .0

(kW)

#2 Cub/Hex 1

6.0

5

#3 Cub/Hex 2

8.0

5

#4 Hexagonal

12.0

6

#1 Cubic

5
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Sample Characterization

Investigation I
Chemical/Physical Properties. Surface chemistry of the cubic mixed
cubic/hexagonal 1, and mixed cubic/hexagonal 2 films was characterized using
a Surface Science Instruments (SSI) M-Probe (XPS) instrument operated at
3x1 O'7 Pa using a 300 pm line and 25 eV pass energy to provide a full-width
half-maximum (FWHM) of 0.81 eV for the Au 4f7/2 peak. Binding energy
positions were calibrated using the Au 4f7/2 peak at 83.97 eV, and the Cu 3s and
Cu 2p3/2 peaks at 122.39 and 932.47 eV, respectively. Surface chemistry was
evaluated by analysis of binding energies, spectral areas, and peak FWHM,
determined by fitting XPS spectra to Voight functions. Measured spectral areas
from XPS data and sensitivity factors from SSI, improved by calibration to
standards, were used to determine the relative atomic fractions of film
components. No correction was made for differences in the electron inelastic
mean free path.
The surfaces of the cubic, mixed cubic/hexagonal 1, and mixed
cubic/hexagonal 2 films were examined by scanning electron microscopy
(SEM), using a Leica 360FE SEM operated at 5 kV. Selected samples were
prepared for cross-sectional TEM examination. A JEOL 2000FX TEM operated
at 200kV was used for routine bright field imaging and electron diffraction
analysis. High resolution electron microscopy was performed using a Hitachi H9000 TEM operated at 200kV. Film crystal structure and orientation was
determined using a Rigaku X-ray Diffractometer at a fixed incident angle of 7.5°.
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Mechanical Properties The microhardness and Young’s moduli of the films was
characterized using a Nanoinstruments, Inc. Nanoindenter® II. The
microhardness measurements were taken using a Berkovich indenter tip
loaded in the range of 1-10 pN. Hardness values were taken at the maximum
penetration depths, and moduli were calculated from the upper loading portions
of the load displacement curves. Procedures outlined by Oliver and Pharr were
used for the instrument calibrations and data treatment [39]. The reported data
is an average calculated from 30 indents per coating. The standard deviations
for the data were within 5 Gpa for hardness measurements and 10 Gpa for the
moduli. A manual scratch tester was used to measure film adhesion.
Scratch tests were performed with a manual scratch tester with a 0.2 mm
diamond tip operating at a speed of 12 mm/min. By monitoring the acoustic
emission of the sample, as well as the friction coefficient, during testing two
critical loads were obtained for each sample. The lower critical load (L/c), which
corresponds to film cohesive failure, is indicated by a spike in the acoustic
emission. The upper critical load (Luc), which indicates the adhesive failure of
the films and is determined by the change in the tangential friction. Data were
reported in terms of the average upper critical load (Luc) when the film
delaminated from the sample [40].

Tribological Testing Preliminary friction and wear data were collected at room
temperature using a ball-on-flat tribometer in order to obtain measurements for
cubic and mixed cubic/hexagonal samples. A sketch of the tribometer set-up is
shown in Figure 13. Stainless steel and Si3N4 balls with 1/4” diameters were
placed on the end of a cantilever beam and loaded with a 200g weight at a

Ball
NbN Film
Substrate
Environmental
Chamber

Figure 13. Schematic of the friction and wear test apparatus
(Tribometer)
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position 1/2 the length of the fulcrum. The ball was then dead loaded onto the
horizontal specimen. Due to the length of the cantilever, the effective weight
totaled 100g, creating Hertzian stresses of 0.5 GPa and 0.4 GPa, for the Si3N4
and stainless steel balls, respectively. The wear tracks ranged from 13 to 20
mm in diameter, and the disk was rotated at 200 rpm for 24,000 cycles. No
attempt was made to keep the sliding velocity constant as it has been
determined that it does not significantly influence friction values over the range
tested

Investigation II
Chemical/Phvsical/Mechanical Properties. The chemistry and mechanical
properties of the hexagonal films were evaluated in the same manner as the
cubic and mixed films in Investigation I. Procedures for the XPS,
Nanoindenter® II, and scratch tester are described above. SEM was not used to
evaluate the surface of the films, but was used for tribological studies, which will
be described later. A TEM investigation was not deemed necessary for the
hexagonal films, as they displayed properties similar to the cubic and mixed
cubic/hexagonal samples.

Tribological Testing. Tribological tests were completed to determine the effects
of environment on film wear mechanisms in all of the films (cubic, mixed
cubic/hexagonal 1, mixed cubic/hexagonal 2, and hexagonal). Friction and
wear data were collected at room temperature using a pin-on-disk tribometer
with an environmental chamber in order to maintain constant humidity (Figure
13). The ball-disk assembly was enclosed in this Plexiglas environmental
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chamber into which a humidity sensor was inserted. The humidity sensor read
the ambient humidity (with an accuracy of about ± 0.5% ) inside the chamber
and relayed the information to an LCD. Dry air and saturated humid air were
mixed and then were input into the test chamber. By controlling the relative flow
rates of the two streams, the relative humidity (RH) could be controlled from
near 0% to almost 100%. In this case, low (2-5%) humidity was achieved by
passing only dry air into the chamber. High humidity (80-85%) was achieved by
allowing only humidified air into the chamber. The films were tested using the
following procedure:
1. The humidity in the environmental chamber was increased to
80-85% while the tribometer remained at rest. The
tribometer was then set to complete 10,000 cycles at that
humidity.

2. After 10,000 cycles, the tribometer was stopped, and the
humidity in the environmental chamber was lowered to 2-5%.
The tribometer then completed another 10,000 cycles at that
humidity.

After obtaining friction and wear data, the test procedure was reversed to
determine whether or not transfer films and wear debris that were generated
during the test had a significant effect on the friction and wear values of the
films. Therefore, the films were tested in dry conditions for 10,000 cycles and
then humid conditions for 10,000 cycles. Wear tracks diameters ranged from 8
to 13 mm, and the sliding speed was kept constant at 15 cm/s.

47

From the friction and wear data obtained from the stepped environmental
test, two different wear mechanisms were evident. Therefore, SEM analysis
was performed on wear tracks formed in dry and humid conditions. EDAX
analysis was used to analyze the tracks as well as the wear debris. Preliminary
XPS analysis was used to assess the tribochemical changes which took place
in the wear tracks during wear testing.
Finally, tests were performed to determine the wear of the balls and the
films under dry and humid conditions. The films were run for 10,000 cycles at
each condition and wear track diameters ranged from 8 to 13 mm. The sliding
speed of the films was again kept constant at 15 cm/s in order to ensure the
same distance traveled by the ball. The wear scars on the ball were observed
and measured using an optical microscope.

CHAPTER IV
RESULTS AND DISCUSSION

This research focuses on the structure and properties of NbN thin films.
Using the experimental procedure outlined in Chapter II, films of cubic, mixed
cubic/hexagonal, and hexagonal crystal structure were grown by magnetron
sputter deposition. The chemical, mechanical, and tribological properties of
these films are then correlated with their crystalline structure, as indicated in
Chapter II. The study has been divided into two separate investigations,
identified as Investigation I and Investigation II.
In Investigation I, deposition conditions were identified to grow thin films
of NbN with cubic, mixed cubic/hexagonal 1, and mixed cubic/hexagonal 2
crystal structures. In the mixed structures, an increasing fraction of the
hexagonal phase was introduced into the cubic films. The designation
cubic/hexagonal 2 refers to the mixed NbN film with the highest fraction of
hexagonal phase. Despite their differences in crystalline structure, however,
the films displayed remarkably similar mechanical and tribological
characteristics.
In response to the findings in Investigation I, Investigation II was initiated.
Films of pure hexagonal NbN were deposited for comparison with the cubic and
mixed films. In addition, the tribological response with respect to the
environment was studied for all of the films. The results and discussion of
Investigation I and Investigation II are outlined below.
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Investigation I

Film Chemistry (XPS)
XPS data from all the films are reported in Table II. An example of the
actual spectra for the Nb3d5/2 and N1s photoelectron peaks of as-received films
grown at -100V bias are shown in Figures 14-15. Spectra from films grown at
the other bias conditions are not significantly different and therefore are not
shown. Nb-N bonding does not appear to be affected by changes in Pn2. For
the cubic, mixed cubic/hexagonal 1, and mixed cubic/hexagonal 2 films, the
Nb3d5/2 and N1s binding energies remain nearly constant as shown in Table III.
The XPS spectra of the as-received NbN films are very complex. As
Figure 14 demonstrates, there are three distinct Nb3d5/2 doublets. From Table
III, the peak at 203.97 eV has been assigned to NbN. It is known that a native
oxide, Nb2O5, grows on Nb compounds when exposed to air [41]. The XPS
doublet for this oxide appears at 207.24 eV. The center peak is comprised of a
distribution of oxynitride (NbxN(1.y)Oy) peaks. The consequence of this will be
discussed later. In order to simplify data analysis, these oxynitride peaks were fit
to one broad doublet with a binding energy (BE) of 205.6 eV. The N:Nb ratio
averaged about 0.36 ± 0.11,0.39 + 0.09, and 0.51 ± 0.06 for the cubic,
cubic/hexagonal 1, and cubic/hexagonal 2, respectively, at all bias voltages
(Table IV). This low N could partially be due to the Nb2O5 layer on the film
surface. XPS data and high resolution electron microscopy of the XTEM
samples indicate that this surface oxide is about 3 nm thick. An oxide layer
such as this could not only attenuate the N signal of the NbN film, but cause

Table III: XPS Binding Energies (eV)
as-received cubic samples (-100 V Bias)

Nb 3d5/2
Cubic

O Is

N Is

530.35

397.70

NbN

NbON

203.97

205.60

Nb?Os
207.24

203.76

204.77

207.2 J

531.26

397.43

204.25

205.76

207.23

531.36

397.77

204.14

205.14

207.05

531.66

397.63

210.27

532.66

(4x1 O ’ Torr)

Cubic/Hex 1
(6 x l0 4 Torr)

Cubic/Hex 2
(8x1 O’4 Torr)

Hexagonal
(12x104 Torr)

Pure Nb

202.23
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o
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Figure 14. Nb3d 5/2XPS spectra for as-received NbN films

XPS Intensity (a.u.)
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Figure 15. N1s XPS spectra for as-received NbN films

Table IV: N:Nb Ratios for All Films
As-Received Films

Sputtered Films

Cubic

0.36 + 0.08

0.48 ±0.01

Cub/Hex 1

0.39 ±0.08

0.55 + 0.03

Cub/Hex 2

0.51 ±0.06

0.54 ±0.05

Hexagonal

0.61 ±0.05

0.65 + 0.03

tn
w
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problems in the fitting of the XPS spectra. This deserves further discussion
because of its effects the apparent N content of the films.
Deconvoluting the Nb peaks proved to be difficult because of the overlap
of NbN, oxynitride, and oxide components. Research by Darlinski and
Halbritter on the oxidation of Nb and Nb surfaces was used to aid deconvolution
[42-43]. The oxynitride region described by Darlinski is actually a substitutional
structure in which one to two nitrogen atoms take the place of oxygen in Nb2O5
[42]. The structure results from diffusion of O into the NbN film. Therefore, the
relative N content in the Nb2O5 substitutional structure increases while the
relative O content decreases upon approaching the unoxidized interface.
Darlinski and Halbritter deconvoluted the oxynitride XPS peak into 3 distinct
NbxN(1.y)Oy doublets [42-43]. In this study, however, the exact chemistry of the
oxynitride region is less important and the peaks have been resolved into one
doublet as noted above. The procedure for fitting the spectra was to first fit the
Nb2O5 portion by assigning the highest BE peak to the Nb2O5-3d3/2. Using
known peak separation and area ratios, the 3d5/2was fixed. The NbN doublet
was then assigned by using a similar procedure, but based on the 3d5/2 peak
identified after sputter removal of overlayer oxides as discussed in the next
paragraph. The oxynitride peaks were confined to the range defined by
Darlinski and Halbritter [42-43].
Films were sputter etched in Ar for 30 minutes to remove the surface
oxides and oxynitrides. As an example, Figures 16 and 17 show the Nb 3d5/2
and N1s spectra of sputter etched films grown at -100 V bias. The oxide and
oxynitride peaks have largely disappeared, and the relative areas of the Nb
3d5/2 and N 1s peaks change somewhat after sputtering. This is indicated by an

XPS Intensity (a.u.)
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Binding Energy (eVf

Figure 16. Nb3d5/2XPS spectra for NbN films
sputtered etched in Ar for 30 min.

XPS Intensity (a.u.)
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Figure 17. N1s XPS spectra for NbN films
sputter etched in Ar for 30 min
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increase in the N:Nb ratio to 0.48 ± 0.01,0.55 ± 0.03, and 0.54 ± 0.07, for the
cubic, cubic/hexagonal 1, and cubic/hexagonal 2 films, respectively (Table IV).
Although the apparent N:Nb ratios of these sputtered samples have shown an
increase over the unsputtered samples, they are still low in nitrogen. The slight
increase in the N:Nb ratio for sputter etched films is to be expected in part
because of the absence of the oxide layer. The N signal is attenuated, to a
greater extent than Nb, by the surface oxide layer. The fact that the N:Nb ratios
are still less than unity is probably due to a slightly understoichiometric
compound as well as some preferential sputtering of N. This preferential
sputtering is expected and has been reported by other researchers [44].
Nevertheless, it is possible that lattice oxygen may stabilize the NbN crystal
structure in the absence of N.
The experimental N:Nb ratios differ greatly from the expected 1:1 N:Nb
ratio for stoichiometric cubic and mixed cubic/hexagonal films. A film N content
of 0.66 has been confirmed by other researchers investigating TiN/NbN
superlattices grown using magnetron sputtering [45]. This N:Nb ratio suggests
Nb2N, which has a hexagonal structure. A more detailed discussion of the film
crystalline structure will be discussed in the XRD results section.
The as-received N1s spectra in Figure 15 also provide some insight into
the nature of the N chemistry in NbN. The spectra clearly show three peaks
regardless of Pn2. The low energy peak (396.53 eV) is assigned to the
oxynitride. The center peak, at 397.72 eV is identified as the nitride peak. The
higher BE peak, located at eV, is likely due to N incorporated into the NbN
films. Prieto etal. observed that TiN films had a N 1s spectra consisting of a
nitride peak at 397.1 eV and an oxynitride peak at a slightly lower binding
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energy of 396.15 eV, and an unidentified peak at an unspecified higher binding
energy [44]. According to Ermolieff et al., the higher binding energy peak is due
to excess N2 in grain boundaries [46]. Additional support for this assignment is
provided by the fact that when the samples were sputtered, the oxynitride and
N2 peak areas were significantly reduced as shown in Figure 17 This correlates
with the changes in the Nb3d spectra.
Even after sputtering, a fraction of O (i.e. 3-20%) is detected in the films.
The appearance that there is O throughout the films could be due to several
reasons: 1) residual O2 or H2O in the deposition chamber; 2) recontamination
during analysis (due to the high reactivity of Nb with residual O in the chamber);
3) the structure of the oxide layer itself; and 4) lattice O. According to Halbritter
et al., the volume increase due to Nb2O5 allows NbxN(1.y)Oy to grow vertically
down into the NbN and along the grains creating a serrated Nb-NbN(1.x)Ox
structure [42-43]. Halbritter et al. conducted angle resolved XPS studies and
showed that the oxide actually penetrates the NbN film and acts as a dielectric
barrier between grains. This serration could explain the trace amounts of O in
the film, even after sputtering for 30 minutes. However, high resolution XTEM
did not support this explanation.
The final, and most likely, explanation for the O in sputtered NbN films is
that they could contain some O within the lattice. It is possible that O may
actually stabilize the NbN structure in the absence of N by substituting into N
vacancies in the lattice. In this case, Nb(N+O), where N+O=1. As Table V
shows, most of the films have an added N+O content between 0.7 and 1.0. A
similar behavior has actually been reported for Nb-C-N films [47]. XRD data
also support the possibility of this conclusion and will be discussed.

Table V: NbN Film Chemical Formulas
(for -100 V films)

Crystalline Phase

Film Chemical Formula
As-Received

Sputtered

Cubic

NbN037O15

NbN048O005

Cubic/Hexagonal 1

NbN03O116

NbN055O018

Cubic/Hexagonal 2

NbN058O18

NbN058O016

Hexagonal

NbN06 O ,3

NbN063O019

LA
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Film Morphology
XRD Results. Figure 18 shows the XRD patterns for NbN films grown with a 100 V bias. The patterns are arranged in order of increasing Pn2. The cubic
XRD data indicates that films grown at 4x10‘4 Torr have a cubic 8-NbN structure
(JCPDS 38-1155) [48]. As the pressure is increased to 6x1 O'4 Torr and 8x1 O'4
Torr, the films exhibit the second phase shown in the cubic/hexagonal 1 and
cubic/hexagonal 2 patterns in Figure 18. This second phase contains several Xray peaks which correspond to either the hexagonal 8’-NbN095 phase (JCPDS
25-1361) or the p-Nb2N phase (JCPDS 40-1274) [48]. Due to the similarity of
the XRD patterns for the two hexagonal phases, a single hexagonal phase
cannot be unambiguously identified at this time. However, the data does show
that an increase in Pn2 promotes the growth of a second phase which is
hexagonal. It should be noted that the cubic NbN09O0d phase (JCPDS 251360) also fits the XRD patterns [48]. This phase, in fact, has a pattern which is
almost indistinguishable from the cubic 8-NbN phase. The cubic NbN0-9Oa1
phase could explain the presence of O throughout the films and supports the
data from XPS analysis.
According to XRD patterns, the films exhibit a preferred orientation in the
cubic and hexagonal phases. In Figure 18, the cubic phase exhibits a strong
(200) orientation. Selected Area Diffraction (SAD) analysis from the -100 V
cubic sample supports this observation, indicating a strong (200) texture
parallel to the substrate (Figure 19a). XRD patterns also show that when Pn2 is
increased and the hexagonal phase appears, there is a strong (100) orientation
which increases with Pn2. It should be noted that SAD data also show certain
hexagonal peaks which do not appear in x-ray patterns. This is expected

26
Figure 18. Xray overlay with constant bias

62

Figure 19. Crystalline orientation of -100V cubic film
(a) Selected Area Diffraction pattern
(b) TEM of corresponding film
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because under Bragg conditions, these planes should not appear in X-ray
patterns, but would be observed in TEM diffraction patterns. When taken
together, the X-ray and electron diffraction patterns compliment each other in
supporting the assignment of the cubic and hexagonal phases in the films.
While the Pn2controls the crystalline phase of the films, the
application of bias voltage can alter their microstructure and orientation. Figure
20 shows the X-ray patterns for films at 4x1 O'4 Torr exhibiting the cubic crystal
structure; the patterns have been arranged in order of increasing bias. As the
bias increases, the peaks become broader and less intense, indicating the
crystallites in the film are more randomly oriented. This is likely due to the
energy of atoms impinging on the substrate surface which increases with bias
potential. Therefore, more energy is imparted to the surface, thus densifying the
crystallites that already exist on the substrate surface. In this way, ordered
crystallites which have begun growing on the substrate are packed together in a
more randomly-oriented, dense structure [15,23,49]. This densified structure
has also been confirmed with TEM micrographs (Figure 19b).

SEM Results. SEM micrographs show the surfaces of NbN films grown at the
different partial pressures. As shown in Figure 21, the films have similar
topographies: smooth, with crystallites about 0.10 |im in diameter.

Film Mechanical Properties
Hardness and Adhesion Testing. The hardness of the films was analyzed with
the Nanoinstruments, Inc. Nanoindenter® II. Each sample was tested in three
different locations with ten indents per location. Measurements were taken at

26
Figure 20: Xray overlay with constant Pn2
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Figure 21. Film topography: varying bias and Pn2
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low loads (2 mN) and high loads (20mN) in order to ensure there were no
substrate effects. The average hardnesses and elastic modulii for medium loads
of 5-6 mN are reported in Table VI. In general, the average hardness of cubic
and mixed cubic/hexagonal NbN films remained constant at about 30 GPa.
In order to determine the adhesion of the 2.5 gm thick NbN films, a CSEM
scratch tester was used to measure critical loads. As shown in Table VI, the
scratch adhesion increases with increasing Pn2 and is maximized around -100
V (Figure 22) for the cubic and mixed cubic/hexagonal 1 films. The decreased
adhesion of the film at biases higher than -100 V is likely due to greater stresses
introduced into the film as it is bombarded with more energetic ions [18, 49]. For
the mixed cubic/hexagonal 2 film, the adhesion is optimized in films grown with
a -50 V bias. This is possibly due to the higher fraction of hexagonal phase in
the film and will be discussed in Investigation II.

Tribological Testing. Films were analyzed using a ball-on-flat tribometer. Tests
were carried out in 30% humidity using 1/4" stainless steel and Si3N4 balls.
After 24,00 cycles (2 hours at 200 rpm) the tests were stopped and wear scars
were examined. Table VII shows the steady state coefficients of friction (g), as
measured with the tribometer as well as the volume of material worn off of the
ball in each test. The Si3N4 balls initially produced a g of 0.1-0.15 and reached
a relatively constant steady state of 0.6 after 1250 cycles. Stainless steel balls,
on the other hand, produced an initial g of about 0.2 and reached an average
steady state g value of 0.7 after about 750 cycles. As Table VII indicates, the
stainless steel balls wore slightly more than the Si3N4balls.

Table VI: Mechanical Properties of
(cubic and mixed) NbN Films
Avg
Load
(mN)

Avg Hardness (GPa)

Avg Modulus
(GPa)

Avg Adhesion
(KgF)

4.99
4.87
5.43

30.95
27.10
31.61

395.91
375.22
387.38

0.8
1.8
1.2

6.22
6.00
5.86

32.93
32.46
30.28

486.52
443.41
415.36

0.8
3.0
2.0

5.53
6.95
5.45

28.70
27.29
26.33

440.47
326.12
478.51

3.4
2.4
2.2

9.14
7.68
7.16

33.73
26.42
26.07

447.51
407.32
416.02

2.8
2.4
2.0

Cubic
-50 V
-100 V
-150 V
Cubic/Hex 1
-50 V
-100 V
-150 V
Cubic/Hex 2
-50 V
-100 V
-150 V
Hexagonal
-50 V
-100 V
-150 V

"J

Adhesion

Bias
Figure 22. Film Adhesion Vs Bias
05
00

Table VII: Tribological data
(for cubic and mixed NbN films)
Ball Wear

Friction Coeff

Ball Wear

Friction Coeff

(103 mm2 )

(B)

(10‘3 mm2 )

(11)

Si3N4 Ball

Si3N4 Ball

SS Ball

SSBall

0.977
1.95
6.22

0.6
0.6
0.6

1.95
3.59
1.95

0.7
0.7
0.7

3.59
6.22
6.22

0.6
0.6
0.6

1.95
1.95
1.95

0.8
0.7
0.7

3.59
6.22
10.2

0.5
0.6
0.6

1.95
1.95
3.59

0.8
0.8
0.7

Cubic
-50 V
-100 V
-150 V

Cubic/Hex 1
-50 V
-100 V
-150 V

Cubic/Hex 2
-50 V
-100 V
-150 V

O)
co
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In both cases, steady state friction values are similar due to transfer and
tribochemical films that develop as the ball material is worn onto the
counterface material. For example, when sufficient stainless steel has worn
onto the NbN counterface, a transfer film is created and the friction behavior of
the system effectively represents stainless steel on stainless steel. Because the
steel/steel couple has a higher n, this would account for the slightly higher n of
the tests run with stainless steel balls. Thin films of silicon and iron oxide sliding
on Nb2O5 lower the friction slightly when Si3N4 balls are used. Therefore, the
initial p. values are probably representative of these systems.

Investigation II
Film Morphology (XRD)
Figure 23 compares the fixed-0 XRD patterns of the cubic,
cubic/hexagonal 1, cubic/hexagonal 2, and hexagonal films. The patterns are
arranged with increasing Pn2. From the figure, it can be seen that the cubic films
are well matched to the face centered cubic NbN phase identified by JCPDS
38-1155 and are relatively pure [48]. The cubic NbN09O01 phase (JCPDS 251360) is also a very close match for the cubic phase of NbN and indicates some
lattice O which might substitute for N in certain lattice sites [48]. This is also
confirmed with XPS data from Investigation I. All of the other films contain at
least some of these cubic NbN phases as indicated by the 20 = 35° and 20 =
41 ° peaks in each spectra which match either of the cubic 8-NbN or cubic
NbN09O01 phases. The hexagonal phase is characterized by

Figure 23. XRD overlay with constant bias
(all films)

72

the peak found at 20 = 61°. This “hexagonal” peak is notably missing from the
cubic spectra but appears and grows as the Pn2 in the deposition chamber is
increased. Although the nearly pure hexagonal films do contain some residual
cubic phase, XRD data indicate that they have a higher hexagonal content than
either of the mixed films.
As with the mixed cubic/hexagonal films analyzed in investigation I, the
pure hexagonal NbN films probably contain a mixture of two different hexagonal
phases: 8’-NbN095 and p-Nb2N. These two hexagonal phases have very similar
diffraction patterns and have been identified by other researchers conducting
studies on sputter deposited NbN thin films [11,45]. The assignment of the 8’NbN095 and p-Nb2N phases also support the XPS data which will be discussed.

Film Chemistry (XPS)
The hexagonal films were treated and analyzed in the same manner as
the cubic and mixed samples in Investigation I. The data again showed a
significant native oxide, Nb2O5, covering the films’ surfaces. Because of the
complexity of this oxide, the Nb3d5/2 XPS spectra were deconvoluted into three
distinct doublets: Nb2O5, NbN, and an oxynitride, as in Investigation I. NbN films
were then sputter etched in Ar for 30 minutes in order to remove the surface
oxide to aid in the interpretation of the XPS spectra. Spectra from as-received
and sputter etched hexagonal films indicated binding energies similar to the
cubic and mixed films, even with the increased Pn2 and bias. Figure 24 shows

XPS Intensity (a.u.)
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Binding Energy (eV)

Figure 24. Nb3d5/2XPS spectra for as-received NbN films
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an overlay of the as-received Nb3d5/2 spectra from the cubic, mixed
cubic/hexagonal, and hexagonal films. (As-received spectra, for example, were
204.14 eV, 205.14 eV, and 207.05 eV, for the NbN, oxynitride (NbOxNy), and
Nb2O5 doublets, respectively.) What differed from film to film, however, was the
N:Nb ratio.
Table IV lists all of the N:Nb ratios for the films. The ratios for the sputteretched films are more accurate. This is because the sputter-etched samples
have simpler XPS spectra. There are fewer chemical species to consider in
deconvolution and, therefore, a better curve fit is possible. As in the case of the
as-received films, the increase in chamber Pn2 appears to have no significant
effect on Nb-N bonding because the XPS spectra do not shift significantly. The
apparent total N content is greater in the sputtered films, however. It is a direct
result of the absence of the oxide overlayer, which tends to attenuate the N
signal somewhat more than the Nb signal (due to the energy dependence of the
electron escape depth), as mentioned in Investigation I.
The N:Nb ratios in Table IV not only have significance in NbN film
chemistry, but can also explain film morphology. For example, taking the XPS
data from sputtered samples, the N:Nb ratio for cubic films is about 0.36.
According to XRD data, however, the cubic form of NbN should have a N:Nb
ratio of 1.0. Because the films are undoubtedly cubic (as discussed previously),
the XPS data is apparently showing the films as N deficient. Some of this N
deficiency stems from preferential sputtering. However, equipment calibration,
experimental error, as well as a real N deficiency in the lattice, contribute to the
low N:Nb ratio. As indicated by XRD data, the presence of O might also be

75

causing the films to be N deficient. In the cubic NbN09O0, phase (JCPDS 251360), O substitutes for N in some lattice sites. This would not only contribute to
the N deficiency observed by XPS, but would explain the O found in sputteretched samples.
The XPS data for the films also supports some other XRD findings. XPS
data from the sputtered hexagonal NbN films, with a N:Nb ratio of 0.65, indicate
that they are likely a mixture of hexagonal S’-NbN095 (N:Nb= 0.95) and p-Nb2N
(N:Nb=0.5), as XRD indicates. Of course, because XRD also suggests some
residual cubic phase in the pure hexagonal films, it is possible that they contain
some of the cubic NbN09O0, phase as explained above. This would account for
some of the N deficiency in the hexagonal films and provides and answer for
the O content suggested by XPS data (about 10-20%).

Film Mechanical Properties
The mechanical properties of the hexagonal NbN films were similar to
the cubic and mixed films. The microhardness and adhesion of the films were
analyzed using the same methods as Investigation I. As shown in Table VI, the
microhardness of the hexagonal samples is similar to the cubic and both
mixed cubic/hexagonal films, about 30 Gpa. The adhesion of the hexagonal
films, however, provided some insight into the adhesion behavior of all of the
films. From the data, the average film adhesion for the mixed cubic/hexagonal 2
and hexagonal films increases with biases up to -100V. At biases higher than
-100V, the film adhesion decreases. Because higher bias voltages will produce
bombarding ions with more energy, causing more stress to the film, film
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adhesion will eventually be affected [11,23, 49]. More interesting, however, is
the possibility that the amount of hexagonal content in the films has an effect on
adhesion. As the hexagonal content of the films increases, the average
adhesion appears to decrease. Therefore, optimum applied bias for the mixed
cubic/hexagonal 2 and hexagonal films appears to be about -50 V, as shown in
Figure 22.

Film Tribology
Friction Vs. Humidity. The coefficient of friction (n) of all the films (cubic, mixed
cubic/hexagonal 1, mixed cubic/hexagonal 2, and hexagonal) was measured in
humid and dry air using a pin-on-disk tribometer enclosed in an environmental
chamber. A stepped humidity test was used to compare the films’ wear
mechanisms in humid and dry environments. In this procedure, the films were
run for 10,000 cycles at high humidity (80-85% RH) and then 10,000 cycles at
low humidity (2-5% RH). (See Chapter 2 for more details on this test
procedure). The films showed an average

of 0.5 in humid conditions and 0.7

in dry conditions, as shown in Table VIII. Example data from a stepped test for a
-100V cubic sample is shown in Figure 25. All films showed behavior similar to
the -100 V cubic sample in the figure. Because the transfer film, wear track,
and debris formed during the first (humid) portion of the test could have an effect
on the second (dry) portion of the test, the experiment was reversed. The films
were run in the dry condition and then the humid condition. Again, the average

Table VIII: Stepped Environmental Test Results
Environm ental Test

R eversed Environm ental

(n)

T e s t(|i)

Hum id

— ► - Dry

Dry

Hum id

C ubic

0.5

0.8

0.8

0.5

C u b ic /H e x 1

0.5

0.6

0.7

0.5

C u b ic /H e x 2

0.6

0.7

0.7

0.5

H ex a g o n a l

0.4

0.7

0.9

0.7

^
■s1i

Friction Coefficient

Cycles
Figure 25. Example stepped environmental test
(-100 V Cubic Sample)
00
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g of the films was higher in dry conditions (g = 0.77 ) than in humid conditions (g
= 0.55), indicating that the wear debris formed was a direct product of the
environment, rather than film wear history . The higher g for the dry condition is
also manifested in the higher wear rates of the tracks in this condition, as shown
in Table IX.
XPS spectra of wear tracks taken in humid and dry conditions indicate
that the cubic, mixed cubic/hexagonal 1, mixed cubic/hexagonal 2, and
hexagonal films all have similar tribochemistry. After 8,000 cycles, the humid
tracks and dry tracks show Nb, N, O, and Si. The Si indicates that the Si3N4 ball
is being worn onto the film. The humid tracks, however, have more Si in them
than the dry tracks, likely due to some dissolution of the Si3N4 ball in the humid
environment [37]. This is confirmed with observed wear rates of the balls in
Table IX.

Mechanisms. Scanning Electron Microscopy (SEM) was used to investigate the
mechanisms involved in the films’ wear behavior. Because tribological testing
revealed that bias has no significant effect on the wear behavior of Nb-N films,
two -150 V hexagonal films were chosen for more detailed analysis of
tribological mechanisms. Wear tracks from humid and dry conditions were
analyzed. As Figures 26-27 show, there were at least two wear tracks taken for
each environmental condition, in order to establish wear mechanisms: one at
the initial wear region; and one at the steady state region.

Table IX: Ball Wear
(as a function of environment)
Humid Env.

Dry Env.

(mm3)x1 O'3

(mm^xl 0 ‘3

Cubic

2.0

0.3

Cubic/Hexagonal 1

2.0

0.3

Cubic/Hexagonal 2

3.7

1.0

Hexagonal

2.0

1.0

00
o

Friction Coefficient

Dry Environment

0
0

1000

2000

3000

Cycles

Figure 26. NbN wear regions: dry environment

00

Friction Coefficient

Humid Environment

0
0

2000

4000

6000

Cycles

Figure 27. NbN wear regions: humid environment

00

ro
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The apparent wear mechanisms for the dry and humid conditions were
remarkably different. For the humid condition, the initial region wear track (138
rev) in Figure 28b has wear debris that primarily consists of Nb and N. There
are also traces of Si, confirming that the ball is wearing onto the film during the
first stages of wear. Figure 29a shows a well established, steady state, wear
track at 6000 cycles. The film has begun to delaminate and a spherical
particulate debris of Nb and O (about 1.3 |im in diameter), confirmed with EDAX,
has been thrown to the side of the track (Figure 29b). Based on EDAX analysis,
the sides of the scar and debris inside the scar also contain a significant amount
of Si (Figure 29c), supporting preliminary XPS observations.
In the dry condition, the initial (600 rev) wear track (Figure 28a) shows
hertizian stress cracks beginning to form. These cracks occur because the
higher |i values observed for the dry condition also indicate a state of higher
tensile stress. The cracks and the sides of the wear track are composed of Nb,
N, O, and traces of Si. The steady state (3000 rev) scar in Figure 30a shows
significant wear. As Figure 30c shows, the sides of the scar are composed of
rough, flat sheets of Nb, N, O, and Si. The rolled, cylindrical particles inside the
track (Figures 30b-c) also share a similar chemistry. A high magnification view
of cylindrical particles is shown in Figure 31a. From EDAX analysis, the particle
is primarily composed of Nb and O, and a small amount of N. This rolled wear
debris has a very different morphology than the spherical debris found in the
wear scars of films tested in humid conditions.

(a) Dry Environment

(b)Humid Environment

Figure 28. Dry and humid wear tracks: initial region
(a) dry environment (650 cycles) (b) humid environment (138 Cycles)

oo

Figure 29. Humid wear track: steady state region (6000 Cycles)
(a) wear track (b) track center (c) track edge

(C )

00
cn

Figure 30. Dry wear track: steady state region (3000 cycles)
(a)wear track (b) track center (c) track edge

o
'

'

Figure 31. Rolled Wear Particles Resulting from Humid Environment
(a) Wear Particles
(b) EDAX of wear particles

00

-J
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The appearance of similar cylindrical wear debris has, in fact, been
reported elsewhere for self-mated systems such as Si-Si, Si3N4-Si3N4, and
AI2O3-AI2O3 [34, 36, 38, 49]. In these systems, however, the rolled particles
appeared in relatively humid environments. Danyluk et al. reported that the
rolls in the Si3N4-Si3N4 system were a result of the reaction of water vapor with
Si3N4 to form SiO2 on the film surface [36]. Eventually, due to the interaction of
water vapor and the load of the ball, the SiO2 layer broke down and began
curling under the action of the ball due to residual film stress. The particles, in
fact, were reported to be oriented perpendicular to the wear track and acted as
“roller bearings”, thus aiding in lowering the g of the system.
In the Nb-Si3N4 system, however, the rolled particles were found in a dry
atmosphere which exhibited higher g values. Because the particles consisted
of Nb and O (Figure 31b), they are likely a result of the native oxide, Nb2O5,
which is being “rolled-up” as the ball moves along the track, forming “carpet
like” particles. As Figure 31a shows, the particles are randomly oriented around
the track and range from 1 to 7.5 gm in length, on average. They do not act
together as roller bearings and g is high. This is at least twice the size of the
spherical debris generated in the humid condition, which appear to average
about 1.3 gm in diameter. The relative size of the wear debris in the dry and
humid cases is likely one reason why g values have changed with environment.
The larger, cylindrical particle size can contribute to the higher g observed
because they abrade the film more [35]. Meanwhile, in the humid case, the ball
is riding on a powder of smaller, spherical, NbN particles, which promote a
lower g, not only because of their size, but because they need not be oriented in
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any specific direction as the rolled particles do. Also, it is very likely that the
reaction of the Si3N4 ball with water creates a lubricious surface oxide which
promotes lower g values [37].

CHAPTER V
SUMMARY AND CONCLUSIONS

Project Summary
Niobium nitride films were deposited using magnetron sputter deposition
The partial pressure of nitrogen (Pn2), the reactive gas, was adjusted to
pressures of 4x1 O'4, 6x1 O'4, 8x1 O'4, and 12x1 O'4 Torr in order to achieve films
with specific crystalline phases. Biases of -50 V, -100 V, and -150 V were
applied to the 440C stainless steel substrates to determine the effect on films
morphology. Data from XRD and XPS show that the cubic, mixed
cubic/hexagonal, and hexagonal phases were grown as the Pn2 was increased
for each deposition. Based on SEM, applied bias voltage, does not seem to
have a significant effect on film morphology.
While XRD and XPS do suggest cubic , mixed, and hexagonal phases in
the films, the specific crystalline structure is hard to identify. The cubic phase is
can be matched to 8-NbN095 and NbN09O01. The hexagonal phases in the
JCPDS index are also very similar. The 8’-NbN and p-Nb2N phases seem to be
the best fit. Using XPS data, the films are understoichiometric, suggesting not
only a N
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deficiency in the films, but possibly a mixture of the hexagonal S’-NbN and pNb2N phases.
Despite the different crystalline phases of the films, the mechanical
properties of the films are very similar. All of the films have a hardness of about
30 GPa. The adhesion of the films varied slightly with bias, however. A bias of
- 100 V seemed to optimize the adhesion of cubic and mixed cubic/hexagonal 1
films. However, as the fraction of hexagonal phase in the films was increased
(mixed cubic/hexagonal 2 and hexagonal), the optimum bias was lowered to
-50 V.
Film crystal structure did not significantly affect the tribological properties
of the films either. All of the films were tested in dry conditions, and all showed
similar coefficients of friction (p.). Environmental tests were also conducted in
order to compare the wear behavior of the films in dry and humid conditions. It
was shown that all of the films tested in humid conditions had significantly lower
p values than when they were tested in dry conditions. This difference in wear
mechanism in humid and dry conditions was attributed to the dissimilar wear
debris generated. Humid wear conditions caused the films to develop spherical
wear debris, while dry conditions caused the films to generate rolled wear
debris. This wear debris is responsible for the higher p values and abrasive
wear in dry conditions because of its larger size and geometry.
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Project Conclusions
1. The data have shown that sputter deposition parameters can be varied in
order to adjust final film structure.

2. NbN films are N deficient; however, O substitution into vacant lattice sites
probably helps maintain a stoichiometric lattice structure.

3. NbN tribological mechanisms are environmentally dependent.

The first conclusion, that films of specific crystalline structure can be
grown with sputter deposition, is supported by the XRD data obtained for each
sample. While XRD data does indicate cubic, mixed cubic/hexagonal 1, mixed
cubic/hexagonal 2, and hexagonal crystalline phases, it has been shown that
the specifics of these crystalline phases (i.e. hexagonal Nb2N Vs NbN and cubic
NbN095 Vs NbN09O01) is hard to determine. The relative structure and fraction of
these crystalline phases in the films, however, does not appear to affect their
mechanical or tribological properties.
The second conclusion refers to the films’ N deficiencies. While XRD data
confirms that the films indeed have cubic and hexagonal crystal structures, as
mentioned above, they are understoichiometric, according to XPS data. This
understoichiometry is all the more interesting because the films are able to
retain the crystalline structure of stoichiometric films, despite their lack of N.
However, XRD and XPS data show that the films contain a fraction of O, even
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after sputtering for 30 minutes. Therefore, it is possible that the O is substituting
into vacant N sites, thus stabilizing the lattice structure.
It should also be reiterated that other studies have also reported similar N
deficiencies. It is probable that fully stoichiometric films will have better
mechanical properties because they would contain less defects. Therefore an
investigation of deposition processes that will yield stoichiometric NbN might be
fruitful. Presently, molecular N2 is being used as the reactive gas in the sputter
deposition of NbN films. In order to increase the amount of N incorporated into
the films, atomic N might be a better option because it will more readily combine
with Nb. Ammonia, NH3, for example, would be an excellent source of reactive
nitrogen because the N-H bond is easier to break than the N-N bond. However,
H incorporation in the films might result and could possibly be detrimental to
final film properties. An ion source, such as a broad-beam Kaufman source
would be another means of increasing reactive N in the deposition chamber. A
Kaufman source could ionize the N2 gas and direct a beam of N ions toward the
substrate. This method is expensive, however, and might not be appropriate for
production-scale operations.
Finally, the confirmation of differing NbN wear mechanisms for dry and
humid environments is a very important third conclusion. The potential of the
films is certainly greater for more humid environments because the wear debris,
and resulting g, is less detrimental. Therefore, it is an interesting possibility that
this mechanism could be applied, from an engineering design standpoint, to
lower friction in mechanical systems operating in humid environments. A further
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study of this mechanism, as it relates to other materials systems, might also be
beneficial.
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